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A biosensor device is defined by its biological, or bioinspired receptor unit with unique 
specificities toward corresponding analytes. These analytes are often of biological origin 
like DNAs of bacteria or viruses, or proteins which are generated from the immune system 
(antibodies, antigens) of infected or contaminated living organisms. Such analytes can 
also be simple molecules like glucose or pollutants when a biological receptor unit with 
particular specificity is available. One of many other challenges in biosensor development 
is the efficient signal capture of the biological recognition event (transduction). Such 
transducers translate the interaction of the analyte with the biological element into 
electrochemical, electrochemiluminescent, magnetic, gravimetric, or optical signals. In 
order to increase sensitivities and to lower detection limits down to even individual 
molecules, nanomaterials are promising candidates due to the possibility to immobilize 
an enhanced quantity of bioreceptor units at reduced volumes and even to act itself as 
transduction element. Among such nanomaterials, gold nanoparticles, semi-conductor 
quantum dots, polymer nanoparticles, carbon nanotubes, nanodiamonds, and graphene 
are intensively studied. Due to the vast evolution of this research field, this review 
summarizes in a non-exhaustive way the advantages of nanomaterials by focusing 
on nano-objects which provide further beneficial properties than "just" an enhanced 
surface area. 
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INTRODUCTION 

As in many different technological sections, nanomaterials have 
demonstrated their appropriateness for biosensing applications. 
The intelligent use of such nano-objects led to clearly enhanced 
performances with increased sensitivities and lowered detection 
limits of several orders of magnitudes. One general advantage of 
all nanomaterials is the high specific surface thus already enabling 
the immobilization of an enhanced amount of bioreceptor units. 
However, one of the constant challenges is the immobilization 
strategy used to conjugate intimately the bio-specific entity onto 
such nanomaterials. Therefore, the technique used to immobi- 
lize the enzyme is one of the key factors in developing a reliable 
biosensor. 

Efficient methods for the biofunctionalization of nanomateri- 
als are summarized in reference (Putzbach and Ronkainen, 2013). 
Briefly, non-covalent approaches representing electrostatic inter- 
action, 7T— 71 stacking, entrapment in polymers, or van der Waals 
forces between the nanomaterial and the biological entity. These 
principles preserve all specific properties of both, nanomaterial 
and biomolecule. 

Covalent binding: the strategy to attached covalently 
biomolecules to nanomaterials has an advantage in terms of 
stability and reproducibility of the surface fimctionalization and 
lowers unspecific physisorption. Covalent links can be formed, 
e.g., by classic amide coupling reactions, cross-linking, or click 
chemistry. One drawback is the uncontrolled anchoring of the 
biomolecule which can affect the domain which is responsible 
for the recognition event. 



The immobilization of biomolecules via supramolecular or 
coordinative interactions: this technique has achieved wide accep- 
tance in recent years in binding biological species to surfaces. 
The most famous example used in the field of biosensor engi- 
neering is the biotin/avidin (or streptavidin) system (Wilchek 
and Bayer, 1988). Biotinylated biomolecules can be attached to 
biotinylated substrates via avidin (or streptavidin) bridges. Other 
affinity systems have been reported like the nitrilotriacetic acid 
(NTA)/Cu 2+ /histidine complex (Haddour et al., 2005) or the 
host-guest system adamantane/p-cyclodextrin (Holzinger et al., 
2009). The advantage of such systems, compared to the other 
immobilization methods, is the reversibility, enabling the pos- 
sibility to regenerate the transducer element. Furthermore, all 
components like the functionalized transducer surface and the 
modified bio-receptor can be characterized individually assuring 
the reproducibility of the constructed biosensor. 

According to the chemical composition, almost all nanoma- 
terials can be equipped with appropriate functions via direct 
functionalization (in some cases already during synthesis), or via 
coating with functional polymers without affecting their specific 
properties (Biju, 2014). Such functionalization not only allows 
the reproducible immobilization of bioreceptor units but can also 
increase the biocompatibility of these materials. 

One particular issue in biosensing devices is that the 
recognition event is not directly detectable by the used trans- 
duction technique. This is the case for affinity biosensors like 
the immunoreaction between an antigen and its antibody or 
the hybridization of corresponding DNA strands. Here, further 
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biospecific components (secondary antibodies or DNA strands) 
modified with labels for optical or electrochemical transduction 
have to be used. The specific properties of some nanomaterials 
clearly contributed to the development of "label free" transduc- 
tion techniques or contribute to clear signal amplifications when 
used as labels. 

GOLD NANOPARTICLES 

Within the group of noble metal nanoparticles, gold nanoparti- 
cles are mostly used for biosensor application (Li et al., 2010a) 
due to their biocompatibility, their optical and electronic prop- 
erties, and their relatively simple production and modification 
(Biju, 2014). 

Particular interesting is the optical behavior of gold surfaces 
where irradiation with light of one specific wavelength causes an 
oscillation of the electrons in the conduction band, called reso- 
nant surface plasmons. When the particle size is much smaller 
than the incident wavelength, the oscillating electrons cannot 
propagate along the surface as it is for classic surface plasmon 
resonance (SPR) setups. The electron density is then polarized 
on one side of the particle where the plasmons oscillate in reso- 
nance with the light frequency (Figure 1). This phenomenon was 
described applying the Mie theory (Mulvaney, 1996; Hao et al., 
2004) and is strongly dependent on the size, shape of the nanopar- 
ticle and the dielectric constant of its environment (Kelly et al., 
2002). This environmental dependency represents a great advan- 
tage for (bio) -analytics since the recognition event can result in 
a change of the oscillation frequency and therefore to a color 
change of the gold nanoparticles observable with bare eye. In this 
context, a wide series of efficient colorimetric biosensors were 
developed for DNA or oligonucleotide detection, or immunosen- 
sors (Reynolds et al, 2000; Oldenburg et al, 2002; Liu and Lu, 
2004; Xu et al, 2009). 

Gold nanoparticles have also demonstrated their advantages 
in bioanalysis using SPR transduction. This method is usually 
based on the change of the dielectric constant of propagating sur- 
face plasmons' environment of gold films where the detection of 
the analyte can be recorded in different ways like the changes of 
the angle, intensity, or phase of the reflected light (Wijaya et al., 
2011; Guo, 2012). Beside the use of a pure gold nanoparticle based 




FIGURE 1 | Schematic presentation of the polarization of the electron 
density at resonant excitation wavelength. At particle sizes smaller than 
the excitation wavelength, the oscillating electrons (surface plasmons) 
cannot propagate along the gold surface leading to a polarization of the 
electron cloud at one side of the particle. 



SPR transduction replacing the gold film (Pedersen and Duncan, 
2005), a clear SPR signal enhancement can be obtained when gold 
films and gold nanoparticles are used in a sandwich configura- 
tion. In fact, the surface plasmons on gold nanoparticles provoke 
a perturbation of the evanescent field of the gold film in addition 
to the immobilized bioreceptor unit and the recognized analyte. 
The optimal configuration of this approach was determined for 
gold nanoparticles smaller than 40 nm at a distance to the gold 
film surface of 5 nm (Zeng et al., 2013) as illustrated in Figure 2. 
In this case, gold nanoparticles serve as labels when attached to 
secondary antibodies or DNA strands. Even when such labeling 
needs further preparative steps than label less detection, the sig- 
nal enhancement is of several orders of magnitudes which is a 
convincing argument for such an approach. 

Gold nanoparticles have also shown their ability to form a 
powerful transduction platform for single molecule detection. 
By refractive index sensing of localized surface plasmon res- 
onance (LSPR) coupled with enzyme linked immunosorbent 
assay (ELISA) using isolated gold nanoparticles of 60 nm sizes. 
The model enzyme horseradish peroxidase (HRP) was immobi- 
lized on these gold nanoparticles via biotin streptavidin linkage. 
HRP is widely used as label in biosensing applications since it 
can form colored, fluorescent, or redox active molecules while 
reducing hydrogen peroxide to water (Veitch, 2004). In the 
work of Chen et al., HRP oxidized the soluble monomer 3, 
3'-Diaminobenzidine (DAB) to insoluble colored polybenzimi- 
dazole which aggregates around the enzyme. This aggregation led 
to an additional shift of the LSPR scattering wavelength enabling 
the detection of few or even single HRP proteins attached to 
the gold particles (Chen et al, 2011). The beneficial effects of 
gold nanoparticles could be validated for high sensitive biosensing 
using surface enhanced Raman spectroscopy (SERS). Based on 
surface plasmon assisted signal amplification (Moskovits, 1978) 
of the vibrational spectrum of adsorbed or immobilized com- 
pounds, detection limits also down to the single molecule level 
could be reached (Nie and Emory, 1997; Hossain et al., 2009; Lim 
etal, 2011;Saha et al., 2012). 

Besides the outstanding optical properties, gold nanoparticles 
also have the ability to transfer electrons between a wide range of 
electroactive biological species and the electrode. This principle 




FIGURE 2 | Illustration of the perturbation of propagating surface 
plasmons on gold surfaces provoked by gold nanoparticles of defined 
size and distance leading to an additional change of the evanescent 
field and therefore to an enhanced signal. 
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is principally used for redox enzyme biosensing where the biore- 
ceptor unit catalyzes the oxidation or reduction of the analyte. 
In classical electrochemical enzyme biosensors setups, the formed 
species are oxidized or reduced by the electrode, giving the elec- 
trochemical signal. The disadvantage of this approach is that the 
detectable molecules have to diffuse to the electrode where a 
non-negligible amount is lost in solution. Gold nanoparticles can 
act as electron shuttles, i.e., the gold nanoparticles can approach 
to the redox center of the enzyme regenerating this biocatalyst 
by transferring the electrons involved in the redox reaction to 
the electrode. Since such wiring of enzymes prevents the need 
of enzymatically formed redox species which have to reach the 
electrode surface, a clear increase of the electrochemical signal 
is to expect. Particular efficient wiring could be obtained using 
enzymes where metal ions are involved in the catalytic redox pro- 
cess as it is for HRP (Xu et al, 2006). Nonetheless, the holy grail 
of enzymes to wire is glucose oxidase (GOx) since its active center 
is deeply embedded inside the protein structure and contains no 
metal ion which would facilitate electron transfer (Mena et al., 
2005; Willner et al., 2006; Pingarron et al, 2008). Wiring of GOx 
is not only a great challenge for glucose sensing applications but 
also for the design of bioanodes for glucose fuel cells. This is a 
steady expanding research field since such glucose biofiiel cells 
could generate power to supply implantable medical devices out 
of body liquids (Cosnier et al., 2014). GOx catalyzes the oxida- 
tion of glucose to gluconolactone by releasing 2 electrons. These 
electrons are generally used to reduce oxygen to hydrogen perox- 
ide. The involved natural electron shuttle is the co-factor flavin 
adenine dinucleotide (FAD) which is after glucose oxidation in 
reduced form (FADH2). The goal is therefore to provide an elec- 
tron carrier which regenerates FAD with favored kinetics to avoid 
the oxygen reduction process. Xiao et al. proposed an original 
approach by the reconstitution of apo-GOx (GOx without the 
cofactor FAD) with a FAD modified gold nanoparticle (Figure 3). 



This work even demonstrated that the as reactivated enzyme 
showed a 7-fold improved electron transfer turnover rate com- 
pared to the natural electron transfer rate to oxygen (Xiao et al., 
2003). 

These outstanding properties of gold nanoparticles made them 
promising candidates not only for bioanalytics but also for many 
other research fields. The particular properties of such gold 
nanoparticles can be tuned and adjusted. Whatever the desired 
application, almost any desired shape or size can be obtained 
using the appropriate synthesis technique. These different mor- 
phologies result in different optical, catalytic, and electronic 
behavior of these gold nanoparticles (Eustis and El-Sayed, 2006). 

QUANTUM DOTS 

Another prominent example of nanomaterials used for bioanalyt- 
ics are luminescent semiconducting nanocrystals called quantum 
dots (QDs). The most studied colloidal QDs are based on cad- 
mium chalcogenides (S, Se, Te) (Murray et al, 1993; Park et al., 
2007; Reiss et al., 2009) which provide a very large absorption 
spectrum with a size-dependent narrow emission spectrum. This 
phenomenon is due to the varying band gaps of the semicon- 
ductor material for different nanocrystal sizes (the bigger the 
particle the lower the band gap) which leads to distinct emis- 
sion wavelengths from the recombination of the electron-hole 
exiton (Weller, 1993). The availability of a large range of emission 
wavelengths of QDs with different sizes enables efficient multi- 
plexed analysis using classic optical transduction (GeiEler et al., 
2010; Petryayeva and Algar, 2014). However, structural defects 
in the crystal lattice can trap the exited electrons or holes lead- 
ing to non-radiative relaxation (Murphy, 2002). To overcome this 
issue, core/shell composited with another semiconductor mate- 
rial with a wider band gap range (generally ZnS) were realized 
to passivate these surface defects and to enhance quantum yields 
and photo-stability (Dabbousi et al, 1997; Jaiswal et al., 2003). 
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Due to this high photochemical stability of core/shell QDs, this 
material became a promising alternative to organic fiuorophores 
(Resch-Genger et al, 2008). 

In order to provide functional groups for bioreceptor immo- 
bilization and also to anticipate possible toxicity issues, QDs 
are nowadays available with inert or biocompatible coatings 
(Biju et al., 2010). Thus, almost any kind of biomolecule can 
be attached to these nanocrystals as long as the photophysical 
recombination event is not affected. 

Such so-called fluorescence quenching of QDs, described by 
the Forster (Fluorescence) Resonance Energy Transfer (FRET) 
(Clapp et al., 2006), is based on a non-radiative energy trans- 
fer between the exited QD (donor) and a quencher (acceptor) 
such as organic fiuorophores. Such FRET quenching revealed 
original approaches used for optical transduction since QD flu- 
orescence reappears when the quencher is removed. This strategy 
is particularly used for optical DNA and oligonucleotide sen- 
sors (Zhang et al., 2005; Freeman et al., 2013). The challenge is 
to bring the quenching dye in close contact to the QD and to 
release it after the recognition event. One example deals with the 
hybridization of a QD tagged receptor DNA and a short corre- 
sponding DNA sequence equipped with a gold nanoparticle. As 
already described, gold nanoparticles are excellent acceptors and 
are highly efficient QD quenchers. Due to the more favorable 
hybridization kinetics of the analyte DNA, the short sequence 
with the gold nanoparticle is released and the QDs' fluorescence 
reappears where its intensity is correlated to the analyte concen- 
tration (Dyadyusha et al, 2005; Dai et al., 2007) as shown in 
Figure 4. 

Another use of non-radiative energy transfer provoking 
QD fluorescence is called Bioluminescence Resonance Energy 
Transfer (BRET) (So et al, 2006). Here, a light-emitting protein 
label transfers the energy to QDs and eliminates the necessity of 
an external excitation light source. FRET and BRET, together with 
charge transfer quenching and chemiluminescence resonance 
energy transfer (CRET) (Huang et al, 2006) are the most com- 
mon strategies in biosensing applications using QDs as optical 



FIGURE 4 | Illustration of the FRET principle between QDs and gold 
nanoparticles and the reestablishing of fluorescence after the 
recognition event. The target DNA can hybridize either with the receptor 



transducers (Frasco and Chaniotakis, 2009; Algar et al., 2010; 
Petryayeva et al., 2013). 

For all cases, the distance between the quencher and QD is one 
of the key factors in the sensitivity of such detection principles. 
For instance, an enhancement of QD fluorescence was observed 
when gold nanoparticles are localized at around 30 nm (Figure 5). 
In this case, the gold nanoparticle acts as antenna (and not as 
quencher) increasing the excitation rates of the QDs and therefore 
the fluorescence intensity (Maye et al., 2010). Another effect lead- 
ing to further example for optical signal enhancement is that QDs 
can interact with propagating surface plasmons on gold surfaces. 
These surface plasmons can excite QDs leading to light emission 
and vice versa - the light induced excited state of QDs are con- 
verted to propagating surface plasmons (Wei et al, 2009). Malic 
et al. demonstrated the beneficial combination of near infrared 
QDs and gold surfaces for drastic signal enhancement in a SPR 
imaging biosensor setup (Malic et al., 201 1). 

QDs have demonstrated their appropriateness in bioanalyt- 
ics either as transducer unit or as optical labels. A tremendous 
evolution of QD based biosensors is therefore predictable. 




DNA, the short sequence of the gold nanoparticle label, or with both. These 
statistical hybridization events have to be considered for the quantification of 
the analyte. 
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FIGURE 5 | Principle of the antenna effect of gold nanoparticles 
enhancing the excitation rates of QDs when positioned at ~30 nm. 

This transduction principle might be limited to the identification of analyte 
DNAs composed of around 15 nucleotides. 
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Furthermore, the described principles and examples about the 
use of QDs in bioanalysis let suggest that the combination of dif- 
ferent nano-objects and their specific particularity is a promising 
way for future biosensors with new and original highly efficient 
transduction techniques. 

MAGNETIC NANOPARTICLES 

Magnetic nanoparticles are promising alternatives to fluorescent 
labels in biosensor devices. Nanosized magnetic nanoparticles 
show different magnetic behaviors compared to its bulk material 
due to the reduced number of magnetic domains (regions of par- 
allel oriented magnetic moments caused by interacting unpaired 
electrons of an atom) leading to so called superparamagnetic 
behavior. This means that magnetization can flip the direction 
randomly within very short time (Neel's relaxation time) and the 
magnetization appears in average zero in absence of an exter- 
nal magnetic field. This temperature dependent phenomenon 
disappears by applying an external magnetic field aligning the 
magnetic moments. Even when this effect seems to be similar to 
this of classic paramagnetic materials, the magnetic susceptibility 
of superparamagnets are much higher (Bishop et al., 2009). Such 
superparamagnetic behavior prevents therefore from attractive or 
repulsive forces between the magnetic nanoparticles as long as no 
external magnetic field is applied. 

Beside a wide range of ferromagnetic materials, iron oxide is 
mostly used for bioanalytical applications (Haun et al., 2010). 
The outstanding advantage using magnetic nanoparticles is the 



possibility to concentrate the analyte before the detection event. 
Receptor unit modified magnetic nanoparticles can simply be 
mixed with the analyte solution and interacts specifically with 
the specific target. After applying an external magnetic field, the 
nanoparticles agglomerate and can be separated from the solu- 
tion. Efficient isolation of DNA strands in complex media was 
achieved in a fast and efficient manner using silica or gold coated 
core/shell nanoparticles (He et al., 2007; Li et al., 2011; Min et al., 
2014). 

Besides optical (Bi et al., 2009) or electrochemical (Mejri 
et al, 2011) detection techniques in combination with other 
often nanosized labels, magnetic nanoparticles offer a further 
high sensitive transduction technique in the domain of diagnostic 
magnetic resonance (Figure 6). In this context, high performant 
giant magnetoresistance, spin valve, or magnetic tunnel junction 
biosensors could be developed (Wang and Li, 2008; Konry et al., 
2012). Magnetic labels are particular interesting for biosensing 
applications since biological entities do not show any magnetic 
behavior or susceptibility and therefore, no interferences or noise 
is to expect during signal capturing (Tamanaha et al., 2008). For 
instance, an ultra-high sensitive magnetoresistant biosensor was 
developed for Escherichia coli (Mujika et al., 2009) detection or 
Salmonella were identified in skimmed-milk samples with a limit 
of detection (LOD) of 1 colony forming-unit (cfu)/mL using a 
magneto-genosensing setup (Liebana et al., 2009). 

A further advantage of magnetic nanoparticles is the pos- 
sibility to carry the analytes to the transduction platform in 
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FIGURE 6 | Scheme of analyte concentration in complex solutions via 
bioreceptor modified magnetic nanoparticles. After the recognition event, 
the captured analytes can be isolated by precipitation of the magnetic 
nanoparticles in an external magnetic field. When this magnetic field is 



removed, the nanoparticles can be redispersed. Only the analyte labeled 
nanoparticles are immobilized on surfaces which are modified with a 
secondary antibody and thus quantified using diagnostic magnetic resonance 
transduction. 
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microfluidic systems (Konry et al., 2012) enabling even complex 
multiplexed analyses for the simultaneous detection of different 
analytes. Nonetheless, these carrier properties are mainly applied 
for the transport of drugs and genes, or for magnetic resonance 
imaging (Sun et al., 2008). 

CARBON NANOSTRUCTURES 

The beneficial properties of nanostructured carbons such as 
carbon nanotubes or graphene made them a widely used mate- 
rial as electronic or electrochemical transducer in biosensor 
devices (Vamvakaki and Chaniotakis, 2007; Valentini et al., 
2013). In particular, carbon nanotubes possess the outstand- 
ing combination of nanowire morphology, biocompatibility and 
electronic properties (Battigelli et al., 2013). Therefore, car- 
bon nanotube interfaces present clearly enhanced capacities, 
e.g., to approach the active sites of a redox enzyme and to 
wire it to the bulk electrode. Furthermore, their ease and well- 
documented organic functionalization (Menard-Moyon et al., 

2010) brings new properties to nanostructured electrodes such 
as specific docking sites for biomolecules or redox mediation 
of bioelectrochemical reactions. Moreover, CNT films exhibit 
a high electroactive surface areas due to the natural forma- 
tion of highly porous three-dimensional networks, suitable for 
the anchoring of a high amount of bioreceptor units, leading 
consequently to high sensitivities (Wang, 2005; Le Goff et al., 

2011) . 

Nonetheless, since purely the increase of the specific surface is 
not discussed here, the presented examples of carbon nanomate- 
rials focus the use of their electronic or electrochemical properties 
for biosensing applications. 

As already mentioned, the nanowire morphology of CNTs 
enables the approach to the active centers of redox enzyme lead- 
ing to fast and efficient electron transfers. In few cases, this 
enzyme wiring spontaneously occurs simply by adsorption of the 
enzyme on the nanocarbon. The driving force is mostly based 
on hydrophobic interactions. An important condition is that the 
hydrophobic domain of the enzyme has to be situated close to its 
active center for efficient electron transfer after immobilization 
and orientation. 

The nitrite reductase from Desulfovibrio desulfuricans is a 
famous example of such an enzyme having the hydrophobic and 
catalytic domains at favorable localizations. The multihemic cat- 
alytic site for the reduction of nitrite ions is closely placed to 
a hydrophobic domain of the protein structure as illustrated in 
Figure 7. After catalytic reduction of nitrite to ammonia, the 
enzyme, in oxidized state, is directly regenerated by the car- 
bon electrode. This concept was validated for pyrolitic graphite 
(Silveira et al, 2010a), and CNTs (Silveira et al, 2010b). 

Since nature does not always provide such excellent condi- 
tions for electron transfers, appropriate functionalization of the 
carbon material with anchor molecules and/or with redox active 
species with corresponding redox potentials is necessary to estab- 
lish so-called mediated electron transfer (via electron shuttle). 
One particular case of mediated electron transfer is the use of the 
enzyme specific co-factor. As already demonstrated by Xiao et al. 
(2003) for glucose sensors using gold nanoparticles as electron 
carriers, FAD was also attached to carbon nanotubes enabling the 



wiring glucose oxidase that led to a performant glucose biosensor 
(Patolsky et al, 2004). 

However, the main purpose for efficient enzyme wiring 
on nanostructured carbon clearly targets bioenergy conversion 
(Holzinger et al, 2012). 

The particular electric properties of CNTs were used in field 
effect transistor (FET) biosensor setups where changes of the con- 
ductivity of the CNT channel or the modulation of the Schottky 
barrier after the bio-recognition event (Gruner, 2006) led to high 
sensitivities and low detection limits down to single molecules 
(Besteman et al, 2003). 

An original approach for CNT-FET based DNA sensor was 
proposed by taking advantage of the high affinity of CNTs and 
DNA strands. The nucleic bases of a ssDNA attach to the CNTs via 
n-n stacking leading to a wrapping of the DNA around the CNT 




FIGURE 7 | Oriented immobilization of nitrite reductase from 
Desulfovibrio desulfuricans on CNTs via hydrophobic interactions 
between the enzyme and the carbon nanotube surface. This naturally 
occurring adsorption leads to an efficient electron transfer between the 
enzyme and the conducting surface where the redox center, after catalytic 
reduction of nitrite ions to ammonia, can directly be regenerated by the 
electrode. 
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FIGURE 8 | Principle of the modulation of the Schottky barrier at 
source and drain electrodes of CNT field effect transistor devices after 
hybridization of the receptor DNA with the target DNA. Here, the 
wrapping properties of DNA around nanotubes inhibit the capability of this 
receptor DNA to hybridize with its counterpart and thus deactivate indirectly 
the CNT channel which remains unaffected toward the recognition event. 
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(Gigliotti et al, 2006) thus eliminating the recognition capac- 
ity of this ssDNA toward its counterpart. Tang et al. reported 
a clear electrical conductance change due to the modulation of 
energy level alignment between CNT and gold contacts of the 
CNT-FET device. The receptor unit was attached to the gold elec- 
trodes via thioethers where the wrapping of the ssDNA around 
the conductive CNT channel was accepted. The recognition event 
was therefore localized only on source and drain, modulating the 
Schottky barrier and finally the conduction of the CNT chan- 
nel as sketched in Figure 8 (Tang et al., 2006). This is one of 
very little examples of CNT based DNA-sensors where the CNTs 
were not blended in composites to avoid this wrapping effect 
(Zhou et al., 2009). Else CNT-FET biosensors were mainly devel- 
oped for enzyme and immunosensing applications (Chao et al., 
2005; Gruner, 2006). Some other spectroscopic characteristics of 
CNTs like NIR photoluminescence and Raman scattering features 
used for biosensing applications are barely described which is 
most likely due to the low photoluminescence quantum efficiency 
(Biju, 2014). 

CNT-based biosensors are clearly more developed than 
graphene-based biosensors (Yang et al, 2010) but there is a 
steady increasing interest in this two-dimensional material for 
bioanalytical applications. Besides the fabrication of isolation of 
real monolayer graphene sheets via mechanical cleavage using a 
scotch tape to exfoliate one sheet from highly oriented pyrolytic 
graphite (HOPG), by CVD on metal foils, or using epitaxy tech- 
niques where the graphene layer is formed out of silicon carbide, 
a wide series of graphite based bulk materials are also called 
graphene (Bonaccorso et al, 2012). These materials are mostly 
obtained after mechanic exfoliation (Coleman, 2012; Paton et al., 



2014) or chemical oxidation of graphite based on the Hummers 
and Offeman method (Hummers and Offeman, 1958). This ini- 
tially called graphitic oxide is now generally known as graphene 
oxide and allows obtaining soluble carbon oxide sheets of unde- 
fined layer composition and sizes. The electric conductivity of 
this isolating material can be reestablished by chemical, ther- 
mal, or electrochemical reduction (Kuila et al, 2013). Even 
when the exceptional conductivity of real monolayer graphene 
(Novoselov et al., 2004) cannot be obtained, reduced graphene 
oxide has other beneficial properties in high performance biosen- 
sor devices. As for CNTs, graphene-based materials are mostly 
used in electrochemical biosensors (Shao et al, 2010; Kuila et al., 
2011; Ratinac et al., 2011) or field effect transistor setups (Liu 
and Guo, 2012) where graphene is principally used as electrode 
material with enhanced specific surface. Graphene materials can 
also act as transduction element itself in optical or colorimetric 
biosensor setups. High efficient graphene-based FRET biosen- 
sors were developed in combination with organic dyes (Li et al., 
2010b) or quantum dots (Dong et al., 2010) modified receptor 
units for DNA, aptamer, immuno, or protein sensors (Ma et al., 
2012). Contrary to CNTs, ssDNA or oligonucleotide receptors 
adsorb reversibly to graphene oxide and are released after the 
recognition event. This allows recovering the fluorescence of the 
dyes as shown in Figure 9. An interesting example was the adsorp- 
tion of several ssDNA receptors, each modified with differently 
colored dyes, leading to a fast multiplex colorimetric DNA sensor 
(He et al, 2010). 

Graphene and CNTs are the most promising nanostructured 
carbon materials for biosensing applications where each allotrope 
has its particular advantage as transducer element. 




FIGURE 9 | Adsorption and desorption of a fluorescence dye modified the dye when the receptor unit is adsorbed. By hybridization with the analyte 

receptor DNA on graphene oxide before and after hybridization with the DNA, the receptor DNA and therefor the dye is released which leads to the 
corresponding target DNA. Graphene oxide quenches the fluorescence of reestablishment of the fluorescence. 
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CONCLUSION 

Nanomaterials became important components in bioanalytical 
devices since they clearly enhance the performances in terms of 
sensitivity and detection limits down to single molecules detec- 
tion. The specific properties of such nano objects also offer 
alternatives to classic transduction methods. Furthermore, the 
combination of different nanomaterials, each with its character- 
istics, to increase even more the performances of biosensors is a 
well-accepted strategy. Due to the vast number of different nano- 
materials all with its own specific properties, only few examples 
could be mentioned here by emphasizing the principal advantages 
of such materials. More detailed examples of the use of nanoma- 
terials in biosensor applications are described in the references (Ju 
et al, 2011; Lei and Ju, 2012), and in the cited review articles. 

REFERENCES 

Algar, W. R., Tavares, A. J., and Krull, U. J (2010). Beyond labels: a review of the 
application of quantum dots as integrated components of assays, bioprobes, 
and biosensors utilizing optical transduction. Anal. Chim. Acta 673, 1-25. doi: 
10.1016/j.aca.2010.05.026 

Battigelli, A., Menard -Moyon, C, Da Ros, T., Prato, M., and Bianco, A. 
(2013). Endowing carbon nanotubes with biological and biomedical prop- 
erties by chemical modifications. Adv. Drug Deliv. Rev. 65, 1899-1920. doi: 
10.1016/j.addr.2013.07.006 

Besteman, K., Lee, J. O., Wiertz, R G. M., Heering, H. A., and Dekker, C. (2003). 
Enzyme-coated carbon nanotubes as single-molecule biosensors. Nano Lett. 3, 
727-730. doi: 10.1021/nl034139u 

Bi, S., Yan, Y., Yang, X., and Zhang, S. (2009). Gold nanolabels for new enhanced 
chemiluminescence immunoassay of alpha-fetoprotein based on magnetic 
beads. Chemistry 15, 4704-4709. doi: 10.1002/chem.200801722 

Biju, V. (2014). Chemical modifications and bioconjugate reactions of nanomateri- 
als for sensing, imaging, drug delivery and therapy. Chem. Soc. Rev. 43, 744-764. 
doi: 10.1039/C3CS60273G 

Biju, V., Itoh, T., and Ishikawa, M. (2010). Delivering quantum dots to 
cells: bioconjugated quantum dots for targeted and nonspecific extracellu- 
lar and intracellular imaging. Chem. Soc. Rev. 39, 3031-3056. doi: 10.1039/ 
B926512K 

Bishop, K. J. M., Wilmer, C. E., Soh, S., and Grzybowski, B. A. (2009). 

Nanoscale forces and their uses in self-assembly. Small 5, 1600-1630. doi: 

10.1002/smll.200900358 
Bonaccorso, R, Lombardo, A., Hasan, X, Sun, Z., Colombo, L., and Ferrari, A. C 

(2012). Production and processing of graphene and 2d crystals. Mater. Today 

15, 564-589. doi: 10.1016/S1369-7021(13)70014-2 
Chao, L. I., Curreli, M., Lin, H., Lei, B., Ishikawa, R N., Datar, R., et al. 

(2005). Complementary detection of prostate-specific antigen using In203 

nanowires and carbon nanotubes. /. Am. Chem. Soc. 127, 12484-12485. doi: 

10.1021/ja053761g 

Chen, S., Svedendahl, M., Duyne, R. P. V., and Kafil, M. (201 1). Plasmon- enhanced 
colorimetric ELISA with single molecule sensitivity. Nano Lett. 11, 1826-1830. 
doi: 10.1021/nl2006092 

Clapp, A. R., Medintz, I. L., and Mattoussi, H. (2006). Fbrster resonance energy 
transfer investigations using quantum-dot fluorophores. Chemphyschem 7, 
47-57. doi: 10.1002/cphc.200500217 

Coleman, J. N. (2012). Liquid exfoliation of defect-free graphene. Acc. Chem. Res. 
46, 14-22. doi: 10.1021/ar300009f 

Cosnier, S., Le Goff, A., and Holzinger, M. (2014). "Enzymatic fuel cells: from 
design to implantation in mammals," in Implantable Bioelectronics, ed E. Katz 
(Weinheim: Wiley- VCH Verlag GmbH and Co. KGaA), 347-362. 

Dabbousi, B. O., Rodriguez- Viejo, J., Mikulec, F. V., Heine, J. R., Mattoussi, H., 
Ober, R., et al. (1997). (CdSe)ZnS core-shell quantum dots: synthesis and char- 
acterization of a size series of highly luminescent nanocrystallites. /. Phys. Chem. 
B 101, 9463-9475. doi: 10.1021/jp971091y 

Dai, Z., Zhang, J., Dong, Q., Guo, N., Xu, S., Sun, B., et al. (2007). Adaption of Au 
nanoparticles and CdTe quantum dots in DNA detection. Chin. J. Chem. Eng. 
15, 791-794. doi: 10.1016/S1004-9541{08)60004-X 



Dong, H., Gao, W., Yan, R, Ji, H., and Ju, H. (2010). Fluorescence resonance energy 
transfer between quantum dots and graphene oxide for sensing biomolecules. 
Anal. Chem. 82, 5511-5517. doi: 10.1021/acl00852z 

Dyadyusha, L., Yin, H., Jaiswal, S., Brown, T., Baumberg, J. J., Booy, F. P., et al. 
(2005). Quenching of CdSe quantum dot emission, a new approach for biosens- 
ing. Chem. Commun. 3201-3203. doi: 10.1039/B500664C 

Eustis, S., and El-Sayed, M. A. (2006). Why gold nanoparticles are more precious 
than pretty gold: noble metal surface plasmon resonance and its enhancement 
of the radiative and nonradiative properties of nanocrystals of different shapes. 
Chem. Soc. Rev. 35, 209-217. doi: 10.1039/B514191E 

Frasco, M., and Chaniotakis, N. (2009). Semiconductor quantum dots in 
chemical sensors and biosensors. Sensors 9, 7266-7286. doi: 10.3390/ 
S90907266 

Freeman, R., Girsh, J., and Wilmer, I. (2013). Nucleic acid/Quantum dots (QDs) 
hybrid systems for optical and photoelectrochemical sensing. ACS Appl. Mater. 
Interfaces 5, 2815-2834. doi: 10.1021/am303189h 

Geifiler, D., Charbonniere, L. J., Ziessel, R. R, Butlin, N. G., Lohmannsroben, 
H.-G., and Hildebrandt, N. (2010). Quantum dot biosensors for ultrasen- 
sitive multiplexed diagnostics. Angew. Chem. Int. Ed. 49, 1396-1401. doi: 
10.1002/anie.200906399 

Gigliotti, B., Sakizzie, B., Bethune, D. S., Shelby, R. M., and Cha, J. N (2006). 
Sequence-independent helical wrapping of single-walled carbon nanotubes by 
long genomic DNA. Nano Lett. 6, 159-164. doi: 10.1021/nl0518775 

Gruner, G. (2006). Carbon nanotube transistors for biosensing applications. Anal. 
Bioanal. Chem. 384, 322-335. doi: 10.1007/s00216-005-3400-4 

Guo, X. (2012). Surface plasmon resonance based biosensor technique: a review. 
/. Biophotonics 5, 483-501. doi: 10.1002/jbio.201200015 

Haddour, N., Cosnier, S., and Gondran, C. (2005). Electrogeneration of 
a poly(pyrrole)-NTA chelator film for a reversible oriented immobiliza- 
tion of histidine-tagged proteins. /. Am. Chem. Soc. 127, 5752-5753. doi: 
10.1021/ja050390v 

Hao, E., Schatz, G. C., and Hupp, J. T. (2004). Synthesis and optical prop- 
erties of anisotropic metal nanoparticles. /. Fluoresc. 14, 331-341. doi: 

10.1023/B:JOFL.0000031815. 71450.74 
Haun, J. B., Yoon, T.-J., Lee, H., and Weissleder, R. (2010). Magnetic nanoparticle 

biosensors. Wiley Inter discip. Rev. 2, 291-304. doi: 10.1002/wnan.84 
He, S., Song, B., Li, D., Zhu, C, Qi, W., Wen, Y, et al. (2010). A graphene nanoprobe 

for rapid, sensitive, and multicolor fluorescent DNA analysis. Adv. Eunct. Mater. 

20, 453-459. doi: 10.1002/adfm.200901639 
He, X., Huo, H., Wang, K., Tan, W, Gong, P., and Ge, J. (2007). Plasmid DNA 

isolation using amino-silica coated magnetic nanoparticles (ASMNPs). Talanta 

73, 764-769. doi: 10.1016/j.talanta.2007.04.056 
Holzinger, M., Bouffier, L., Villalonga, R., and Cosnier, S. (2009). Adamantane/fi- 

cyclodextrin affinity biosensors based on single-walled carbon nanotubes. 

Biosens. Bioelectron. 24, 1128-1134. doi: 10.1016/j.bios.2008.06.029 
Holzinger, M., Le Goff, A., and Cosnier, S. (2012). Carbon nanotube/enzyme 

biofuel cells. Electrochim. Acta 82, 179-190. doi: 10.1016/j.electacta.2011. 

12.135 

Hossain, M. K., Huang, G. G., Kaneko, T., and Ozaki, Y (2009). Characteristics of 
surface-enhanced Raman scattering and surface-enhanced fluorescence using 
a single and a double layer gold nanostructure. Phys. Chem. Chem. Phys. 11, 
7484-7490. doi: 10.1039/B903819C 

Huang, X., Li, L., Qian, H., Dong, C, and Ren, J. (2006). A resonance energy 
transfer between chemiluminescent donors and luminescent quantum-dots as 
acceptors (CRET). Angew. Chem. 118, 5264-5267. doi: 10.1002/ange.200601196 

Hummers, W. S, and Offeman, R. E (1958). Preparation of graphitic oxide. /. Am. 
Chem. Soc. 80, 1339-1339. doi: 10.1021/ja01539a017 

Jaiswal, J. K., Mattoussi, H., Mauro, J. M., and Simon, S. M. (2003). Long-term 
multiple color imaging of live cells using quantum dot bioconju gates. Nat. 
Biotechnol. 21, 47-51. doi: 10.1038/nbt767 

Ju, H., Zhang, X., and Wang, J. (eds.). (2011). "Nanomaterials for immunosen- 
sors and immunoassays," in NanoBiosensing, Biological and Medical Physics, 
Biomedical Engineering (New York, NY: Springer), 425-452. 

Kelly, K. L., Coronado, E., Zhao, L. L., and Schatz, G. C (2002). The optical 
properties of metal nanoparticles:? the influence of size, shape, and dielectric 
environment./. Phys. Chem. B 107, 668-677. doi: 10.1021/jp026731y 

Konry, T., Bale, S., Bhushan, A., Shen, K., Seker, E., Polyak, B., et al. (2012). Particles 
and microfluidics merged: perspectives of highly sensitive diagnostic detection. 
Microchim. Acta 176, 251-269. doi: 10.1007/s00604-01 1-0705-1 



Frontiers in Chemistry | Analytical Chemistry 



August 2014 | Volume 2 | Article 63 | 8 



Holzinger et al. 



Nanomaterials for biosensing applications: a review 



Kuila, X, Bose, S., Khanra, P., Mishra, A. K., Kim, N. H., and Lee, J. H (201 1). Recent 
advances in graphene-based biosensors. Biosens. Bioelectron. 26, 4637-4648. 
doi: 10.1016/j.bios.201 1.05.039 

Kuila, X, Mishra, A. K., Khanra, P., Kim, N. H., and Lee, J. H (2013). 
Recent advances in the efficient reduction of graphene oxide and its 
application as energy storage electrode materials. Nanoscale 5, 52-71. doi: 
10.1039/C2NR32703A 

Le Goff, A., Holzinger, M., and Cosnier, S. (2011). Enzymatic biosensors based 
on SWCNT-conducting polymer electrodes. Analyst 136, 1279-1287. doi: 
10.1039/C0AN00904K 

Lei, J., and Ju, H. (2012). Signal amplification using functional nanomaterials for 
biosensing. Chem. Soc. Rev. 41, 2122-2134. doi: 10.1039/C1CS15274B 

Li, E, Huang, Y., Yang, Q., Zhong, Z., Li, D., Wang, L., et al. (2010b). A graphene- 
enhanced molecular beacon for homogeneous DNA detection. Nanoscale 2, 
1021-1026. doi: 10.1039/B9NR00401G 

Li, K., Lai, Y„ Zhang, W., and Jin, L. (2011). Fe2C>3@Au core/shell nanoparticle- 
based electrochemical DNA biosensor for Escherichia coli detection. Talanta 84, 
607-613. doi: 10.1016/j.talanta.2010.12.042 

Li, Y., Schluesener, H., and Xu, S. (2010a). Gold nanoparticle-based biosensors. 
Gold Bull. 43, 29-41. doi: 10.1007/BF03214964 

Liebana, S., Lermo, A., Campoy, S., Barbe J, Alegret, S., and Pividori, M. I (2009). 
Magneto immunoseparation of pathogenic bacteria and electrochemical mag- 
neto genosensing of the double-tagged amplicon. Anal. Chem. 81, 5812-5820. 
doi: 10.1021/ac9007539 

Lim, D.-K., Jeon, K.-S., Hwang, J.-H., Kim, H., Kwon, S., Suh, Y. D., et al. (2011). 
Highly uniform and reproducible surface-enhanced Raman scattering from 
DNA-tailorable nanoparticles with 1-nm interior gap. Nat. Nano 6, 452-460. 
doi: 10.1038/nnano.2011.79 

Liu, J., and Lu, Y. (2004). Colorimetric biosensors based on DNAzyme- 
assembled gold nanoparticles. /. Fluoresc. 14, 343-354. doi: 
10.1023/B:JOFL.0000031816.06134.d3 

Liu, S., and Guo, X. (2012). Carbon nanomaterials field-effect-transistor-based 
biosensors. NPG Asia Mater. 4, e23. doi: 10.1038/am.2012.42 

Ma, H., Wu, D., Cui, Z., Li, Y, Zhang, Y., Du, B., et al. (2012). Graphene-based 
optical and electrochemical biosensors: a review. Anal. Lett. 46, 1-17. doi: 
10.1080/00032719.2012.706850 

Malic, L., Sandros, M. G-, and Tabrizian, M. (2011). Designed biointerface using 
near-infrared quantum dots for ultrasensitive surface plasmon resonance imag- 
ing biosensors. Anal. Chem. 83, 5222-5229. doi: 10.1021/ac200465m 

Maye, M. M., Gang, O., and Cotlet, M. (2010). Photoluminescence enhance- 
ment in CdSe/ZnS-DNA linked-Au nanoparticle heterodimers probed 
by single molecule spectroscopy. Chem. Commun. 46, 6111-6113. doi: 
10.1039/C0CC00660B 

Mejri, M. B., Tlili, A., and Abdelghani, A. (2011). Magnetic nanoparticles immo- 
bilization and functionalization for biosensor applications. Int. J. Electrochem. 
2011:421387. doi: 10.4061/2011/421387 

Mena, M. L., Yanez-Sedeno, P., and Pingarron, J. M. (2005). A comparison of 
different strategies for the construction of amperometric enzyme biosensors 
using gold nanoparticle-modified electrodes. Anal. Biochem. 336, 20-27. doi: 
10.1016/j.ab.2004.07.038 

Menard-Moyon, C, Kostarelos, K., Prato, M., and Bianco, A. (2010). 
Functionalized carbon nanotubes for probing and modulating molecular 
functions. Chem. Biol. 17, 107-115. doi: 10.1016/j.chembiol.2010.01.009 

Min, J. H., Woo, M-K, Yoon, H. Y, Jang, J. W., Wu, J. H., Lim, C.-S., et al. (2014). 
Isolation of DNA using magnetic nanoparticles coated with dimercaptosuccinic 
acid. Anal. Biochem. 447, 114-118. doi: 10.1016/j.ab.2013. 11.018 

Moskovits, M. (1978). Surface roughness and the enhanced intensity of Raman 
scattering by molecules adsorbed on metals. /. Chem. Phys. 69, 4159-4161. doi: 
10.1063/1.437095 

Mujika, M., Arana, S., Castano, E., Tijero, M., Vilares, R., Ruano-Lopez, J. M., et al. 
(2009). Magnetoresistive immunosensor for the detection of Escherichia coli 
0157:H7 including a microfluidic network. Biosens. Bioelectron. 24, 1253-1258. 
doi: 10.1016/j.bios.2008.07.024 

Mulvaney, P. (1996). Surface plasmon spectroscopy of nanosized metal particles. 
Langmuir 12, 788-800. doi: 10.1021/la9502711 

Murphy, C. J. (2002). Peer reviewed: optical sensing with quantum dots. Anal. 
Chem. 74, 520A-526A. doi: 10.1021/ac022124v 

Murray, C. B., Norris, D. J., and Bawendi, M. G (1993). Synthesis and char- 
acterization of nearly monodisperse CdE (E = sulfur, selenium, tellurium) 



semiconductor nanocrystallites. /. Am. Chem. Soc. 115, 8706-8715. doi: 
10.1021/ja00072a025 

Nie, S., and Emory, S. R (1997). Probing single molecules and single nanopar- 
ticles by surface-enhanced raman scattering. Science 275, 1102-1106. doi: 
10.1 126/science.275.5303. 1 102 

Novoselov, K. S., Geim, A. K., Morozov, S. V., Jiang, D., Zhang, Y., Dubonos, S. V., 
et al. (2004). Electric field effect in atomically thin carbon films. Science 306, 
666-669. doi: 10.1126/science.ll02896 

Oldenburg, S. J., Genick, C. C, Clark, K. A., and Schultz, D. A (2002). Base pair 
mismatch recognition using plasmon resonant particle labels. Anal. Biochem. 
309, 109-116. doi: 10.1016/S0003-2697(02)00410-4 

Park, J., Joo, J., Kwon, S. G, Jang, Y, and Hyeon, X (2007). Synthesis of 
monodisperse spherical nanocrystals. Angew. Chem. Int. Ed. 46, 4630-4660. doi: 
10.1002/anie.200603148 

Patolsky, F, Weizmann, Y, and Willner, I. (2004). Long-range electrical contacting 
of redox enzymes by SWCNT connectors. Angew. Chem. Int. Ed. 43, 2113-2117. 
doi: 10.1002/anie.200353275 

Paton, K. R., Varrla, E., Backes, C, Smith, R. J., Khan, U, O'Neill, A., et al. (2014). 
Scalable production of large quantities of defect-free few-layer graphene by 
shear exfoliation in liquids. Nat Mater. 13, 624-630. doi: 10.1038/nmat3944 

Pedersen, D. B, and Duncan, E. J. S. (2005). "Surface plasmon resonance spec- 
troscopy of gold nanoparticle-coated substrates," in Technical Report, DRDC 
Suffield TR 2005-109 (Suffield, CT Defence RandD Canada). 

Petryayeva, E., and Algar, W. R. (2014). Multiplexed homogeneous assays of 
proteolytic activity using a smartphone and quantum dots. Anal. Chem. 86, 
3195-3202. doi: 10.1021/ac500131r 

Petryayeva, E., Algar, W. R., and Medintz, I. L (2013). Quantum dots in bioanalysis: 
a review of applications across various platforms for fluorescence spectroscopy 
and imaging. Appl. Spectrosc. 67, 215-252. doi: 10.1366/12-06948 

Pingarron, J. M., Yanez-Sedeno, P., and Gonzalez-Cortes, A. (2008). Gold 
nanoparticle-based electrochemical biosensors Electrochim. Acta. 53, 
5848-5866. doi: 10.1016/j.electacta.2008.03.005 

Putzbach, W., and Ronkainen, N. (2013). Immobilization techniques in the fabri- 
cation of nanomaterial-based electrochemical biosensors: a review. Sensors 13, 
4811-4840. doi: 10.3390/sl30404811. 

Ratinac, K. R., Yang, W., Gooding, J. J., Thordarson, P., and Braet, F. (2011). 
Graphene and related materials in electrochemical sensing. Electroanalysis 23, 
803-826. doi: 10.1002/elan.201000545 

Reiss, P., Protiere, M., and Li, L. (2009). Core/Shell semiconductor nanocrystals. 
Small 5,154-168. doi: 10.1002/smll.200800841 

Resch-Genger, U., Grabolle, M., Cavaliere-Jaricot, S., Nitschke, R., and Nann, X 
(2008). Quantum dots versus organic dyes as fluorescent labels. Nat. Meth. 5, 
763-775. doi: 10.1038/nmeth.l248 

Reynolds, R. A., Mirkin, C. A., and Letsinger, R. L (2000). Homogeneous, 
nanoparticle-based quantitative colorimetric detection of oligonucleotides. 
/. Am. Chem. Soc. 122, 3795-3796. doi: 10.1021/ja000133k 

Saha, K., Agasti, S. S., Kim, C, Li, X., and Rotello, V. M. (2012). Gold nanopar- 
ticles in chemical and biological sensing. Chem. Rev. 112, 2739-2779. doi: 
10.1021/cr2001178 

Shao, Y., Wang, J., Wu, H., Liu, J., Aksay, I. A., and Lin, Y. (2010). Graphene based 
electrochemical sensors and biosensors: a review. Electroanalysis 22, 1027-1036. 
doi: 10.1002/elan.200900571 

Silveira, C. M., Baur, J., Holzinger, M., Moura, J. J. G, Cosnier, S., and Almeida, 
M. G. (2010b). Enhanced direct electron transfer of a multihemic nitrite reduc- 
tase on single-walled carbon nanotube modified electrodes. Electroanalysis 22, 
2973-2978. doi: 10.1002/elan.201000363 

Silveira, C. M., Gomes, S. P., Araujo, A. N., Montenegro, M. C. B. S. M., Todorovic, 
S., Viana, A. S., et al. (2010a). An efficient non-mediated amperometric 
biosensor for nitrite determination. Biosens. Bioelectron. 25, 2026-2032. doi: 
10.1016/j.bios.2010.01.031 

So, M.-K., Xu, C, Loening, A. M., Gambhir, S. S., and Rao, J. (2006). Self- 
illuminating quantum dot conjugates for in vivo imaging. Nat. Biotechnol. 24, 
339-343. doi: 10.1038/nbtll88 

Sun, C, Lee, J. S. H., and Zhang, M. (2008). Magnetic nanoparticles in 
MR imaging and drug delivery. Adv. Drug Deliv. Rev. 60, 1252-1265. doi: 
10.1016/j.addr.2008.03.018 

Tamanaha, C. R., Mulvaney, S. P., Rife, J. C, and Whitman, L. J (2008). Magnetic 
labeling, detection, and system integration. Biosens. Bioelectron. 24, 1-13. doi: 
10.1016/j.bios.2008.02.009 



www.frontiersin.org 



August 2014 | Volume 2 | Article 63 | 9 



Holzinger et al. 



Nanomaterials for biosensing applications: a review 



Tang, X., Bansaruntip, S., Nakayama, N., Yenilmez, E., Chang, Y. L, and Wang, Q. 
(2006). Carbon nanotube DNA sensor and sensing mechanism. Nano Lett. 6, 
1632-1636. doi: 10.1021/nl060613v 

Valentini, E, Carbone, M., and Palleschi, G. (2013). Carbon nanostructured mate- 
rials for applications in nano-medicine, cultural heritage, and electrochemical 
biosensors. Anal. Bioanal. Chem. 405, 451-465. doi: 10.1007/s00216-012-6351-6 

Vamvakaki, V., and Chaniotakis, N. A (2007). Carbon nanostructures as 
transducers in biosensors. Sens. Actuators B Chem. 126, 193-197. doi: 
10.1016/j.snb.2006.11.042 

Veitch, N. C (2004). Horseradish peroxidase: a modern view of a classic enzyme. 
Phytochemistry 65, 249-259. doi: 10.1016/j.phytochem.2003.10.022 

Wang, J. (2005). Carbon-nanotube based electrochemical biosensors: a review. 
Electroanalysis 17, 7-14. doi: 10.1002/elan.200403113 

Wang, S. X., and Li, G. (2008). Advances in giant magnetoresistance biosensors 
with magnetic nanoparticle tags: review and outlook. Magn. IEEE Trans. 44, 
1687-1702. doi: 10.1109/TMAG.2008.920962 

Wei, H., Ratchford, D., Li, X., Xu, LL, and Shih, C.-K. (2009). Propagating sur- 
face plasmon induced photon emission from quantum dots. Nano Lett. 9, 
4168-4171. doi: 10.1021/nl9023897 

Weller, H. (1993). Colloidal semiconductor q-particles: chemistry in the transition 
region between solid state and molecules. Angew. Chem. Int. Ed. Engl. 32, 41-53. 
doi: 10.1002/anie.l99300411 

Wijaya, E., Lenaerts, C, Maricot, S., Hastanin, J., Habraken, S., Vilcot, J.-P., 
et al. (2011). Surface plasmon resonance-based biosensors: from the develop- 
ment of different SPR structures to novel surface functionalization strategies. 
Curr. Opin. Solid State Mater. Sci. 15, 208-224. doi: 10.1016/j.cossms.2011. 
05.001 

Wilchek, M., and Bayer, E. (1988). The avidin-biotin complex in bioanalytical 
applications. Anal. Biochem. 171, 1-32. doi: 10.1016/0003-2697(88)90120-0. 

Willner, B., Katz, E., and Willner, I. (2006). Electrical contacting of redox pro- 
teins by nanotechnological means. Curr. Opin. Biotechnol. 17, 589-596. doi: 
10.1016/j.copbio.2006.10.008 

Xiao, Y., Patolsky, E, Katz, E„ Hainfeld, J. E, and Willner, I. (2003). "Plugging into 
Enzymes": nanowiring of redox enzymes by a gold nanoparticle. Science 299, 
1877-1881. doi: 10.1126/science.l080664 



Xu, Q., Mao, C, Liu, N.-N., Zhu, J.-J., and Sheng, J. (2006). Direct electro- 
chemistry of horseradish peroxidase based on biocompatible carboxymethyl 
chitosan-gold nanoparticle nanocomposite. Biosens. Bioelectron. 22, 768-773. 
doi: 10.1016/j.bios.2006.02.010 

Xu, W., Xue, X., Li, T., Zeng, EL, and Liu, X. (2009). Ultrasensitive and selective col- 
orimetric DNA detection by nicking endonuclease assisted nanoparticle ampli- 
fication. Angew. Chem. Lnt. Ed. 48, 6849-6852. doi: 10.1002/anie.200901772 

Yang, W., Ratinac, K. R., Ringer, S. P., Thordarson, P., Gooding, J. J., and Braet, 
F. (2010). Carbon nanomaterials in biosensors: should you use nanotubes or 
graphene? Angew. Chem. Int. Ed. 49, 2114-2138. doi: 10.1002/anie.200903463 

Zeng, S., Yu, X., Law, W.-C, Zhang, Y, Hu, R., Dinh, X.-Q., et al. (2013). Size 
dependence of Au NP-enhanced surface plasmon resonance based on dif- 
ferential phase measurement. Sens. Actuators B Chem. 176, 1128-1133. doi: 
10.1016/j.snb.2012.09.073 

Zhang, C.-Y, Yeh, H.-C, Kuroki, M. T, and Wang, T.-H. (2005). Single-quantum- 
dot-based DNA nanosensor. Nat. Mater. 4, 826-831. doi: 10.1038/nmatl508 

Zhou, M., Zhai, Y., and Dong, S. (2009). Electrochemical sensing and biosensing 
platform based on chemically reduced graphene oxide. Anal. Chem. 81, 
5603-5613. doi: 10.1021/ac900136z 

Conflict of Interest Statement: The authors declare that the research was con- 
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest. 

Received: 03 July 2014; accepted: 23 July 2014; published online: 27 August 2014. 
Citation: Holzinger M, Le Goff A and Cosnier S (2014) Nanomaterials for biosensing 
applications: a review. Front. Chem. 2:63. doi: 10.3389/fchem. 2014.00063 
This article was submitted to Analytical Chemistry, a section of the journal Frontiers 
in Chemistry. 

Copyright © 2014 Holzinger, Le Goff and Cosnier. This is an open-access article 
distributed under the terms of the Creative Commons Attribution License (CC BY). 
The use, distribution or reproduction in other forums is permitted, provided the 
original author(s) or licensor are credited and that the original publication in this 
journal is cited, in accordance with accepted academic practice. No use, distribution or 
reproduction is permitted which does not comply with these terms. 



Frontiers in Chemistry | Analytical Chemistry 



August 2014 | Volume 2 | Article 63 | 10 



